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Abstract
We present theoretical model comparisons with ALICE results for average D mesons (D0, D+,
D∗+ and D+s ) in p+Pb collisions at
√sNN = 5.02 TeV for various centralities. Transport calcu-
lations of AMPT and calculations from heavy quark pQCD model, NLO(MNR) have been used
for the study of pT dependent nuclear modification factors as a function of collision centrality
(QpPb) and the central-to-peripheral ratios (Qcp) of D mesons. It is found that NLO model
with its parametrized kT broadening scheme produces results those closely match with the pub-
lished D-meson data of p+Pb collisions from ALICE. Likewise AMPT transport calculation
shows a strong centrality dependence in results but underestimates the experimental data. The
differences of both models with experimental data have been discussed.
Keywords: p+p and p+Pb collision; D-meson; Cold-Nuclear matter effect.
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1 Introduction
Heavy ions colliding at relativistic speed form exotic matter called quark gluon plasma (QGP)
[1, 2] which survives for a infinitesimally small amount of time (∼10–23 seconds). This novel
matter which is under extreme conditions is therefore not directly observed and hence only
signals those originate from the extreme condition itself might survive and could be measured
after the collisions [3,4]. High statistics data already accumulated at the Large Hadron Collider
(LHC) at CERN, has paved the way for extracting precise information about the properties of the
QGP. Phenomenological models are trying to explain the data and extract physics information
from it. These analyses are also leading the way for additional measurements at STAR , ALICE
and proposed CBM at FAIR and will help us to constrain our models further.
One of the prominent signatures of QGP phase is jet quenching or high momenta particles’
energy and momentum loss. High momentum hadron spectra have been observed to be highly
suppressed relative to those in p+p collisions [5, 6], suggesting a quenching effect due to hot
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and dense partonic matter. A small suppression is also observed in hadronic phase. Similar
suppression effects have been observed for high pT heavy quarks with most recent results showing
suppression of D or B mesons to same order as that of light partons [7,8]. However before going
into hot and dense matter effects, it is absolute necessary to fix the baseline for such observations.
It is assumed in heavy ion collision scenario that no nuclear effects are present in p+p collisions
and therefore to serve as a baseline it could be scaled to p+Pb or Pb+Pb data only by a
factor. Heavy quarks which are formed at the earliest moments of heavy ion collisions, even
before formation of QGP has taken place, could carry the information on QGP through their
suppression. Similarly to jets and photons, heavy quarks are also shown to be affected by the
medium flow which is another signature of hot and dense matter beside quenching. However
some recent results have shown that contrary to popular notion that p+p collisions might also
produce quenching or flow like effects particularly at very high c.m. energy or high multiplicity
region [9]. Thus it is important to discern any effects nuclear matter might bring in and can be
distinguished from small system. Whether similar observation is also present in p+Pb collisions
which is somewhat in between p+p and Pb+Pb systems needs to be determined precisely. It
has already been suggested that the modification in spectra of the observed particles in the
heavy ion collisions can have effects from cold nuclear matter (CNM) [10] before the formation
of QGP or any such system. This also makes heavy ion collisions stand apart from proton on
proton collisions. However CNM effects are easily masked by QGP effects except at very low
momenta region. Hence it is important to discern the contributions of cold nuclear effects from
all other effects due to QGP on the final particle spectra. p+Pb collisions could give us an
unique opportunity to study these initial nuclear effects on not only particle flow but also on its
quenching, momentum and azimuthal correlations etc. [11,12]. The source for pre-QGP nuclear
effects lies in the fact that any nucleus is not just any conglomeration of unrelated protons and
the correlation gives rise to many phenomena such as shadowing, multiple nucleon and partonic
interaction, iso-spin effects etc to name a few. With LHC achieving its top collider energy, it may
not be possible to overlook these features affecting the high gluon density within the nucleus.
This may very well modify our understanding of hot and dense QGP. Shadowing is represented
mathematically as ratio, Rs ≡ FA(x,Q2)/(A ∗ Fp(x,Q2)), and has been found to deviate from
unity as explained in early literatures [13], which makes this phenomenon as one of the most
interesting feature of cold nuclear effects. On the other hand, another phenomenon that may
affect the final particle spectra is multiple re-scattering of the colliding nucleons or their partons.
This effect is known as Cronin effect [14]. This particular feature had been observed in the RHIC
energy for non-photonic electrons’ nuclear modification data, which shows an enhancement in
the charm spectrum below pT < 4.0 GeV [15]. The results suggest that this particular effect
may be observed in the low and mid-pT regions and may not be much effective in higher side
of the momentum. We will come back to these two points later in our work. In any case for
a p+Pb scenario even if a small hot and dense matter is formed similar to high multiplicity
p+p collisions, CNM effects might be overwhelmingly visible. Also the collisions of protons with
Lead ions at various centralities will also bring out difference of p+Pb system with p+p system
at the most peripheral and with Pb+Pb system at the most central collision scenarios.
A heavy quark owing to its large mass is produced mostly in pre-equilibrium stage of heavy
ion collisions [16]. It is also known that heavy quarks remain free to probe thermalized medium
without altering much of the effects due to cold nuclear matter. From the recent result of p+Pb
data and earlier d+Au data [17] on particle production, the value of RpPb deviates from unity
by almost 15% mostly in low and mid-pT regions, which shows a considerable cold nuclear
matter effect on heavy quark production [18]. It is known that particle suppression has strong
dependence on collision centrality with particle multiplicity and QGP freeze-out times depending
on non-centrality of the collisions. Similarly it can be assumed different centralities in collision
geometry may have impact on particle production in case of p+Pb collisions. We will return to
this in subsequent sections. The current work aims to highlight the effects of CNMs on heavy
2
quark quenching or modification factor at various centralities of p+Pb collisions.
This paper is organised as follows. In the section 2 models such as AMPT and NLO-MNR
employed to study D-meson suppression factors QpPb and Qcp in p+Pb collisions have been
discussed. The calculations have been done at √sNN = 5.02 TeV. In the section 3 we discuss
our results with these models. Then we summarise our work in section 4.
2 Models used
2.1 The AMPT model
We have used string melting version of A Multiphase Transport Model (AMPT) [19] (version
26t5). This model uses HIJING (Heavy-Ion Jet Interaction Generator) [20] for spatial and
momentum distribution of strings and minijet partons.
Eikonal formalism is used to deal with scattering among nucleons, distribution of which are
Wood-Saxon in profile. Production of minijet happens if momentum transfer (Q2) is greater than
some cut off momentum (p0), while the opposite (Q
2 < p0) leads to production of strings. These
produced minijet and strings, depending on spin and flavor of valence quarks, get converted into
partons. Interaction between these partons (subject to satisfying minimum distance conditions
(≤√σ/pi, σ is the cross section for partonic two-body scattering), are dealt by Zhang’s Parton
Cascade (ZPC) model [21]. ZPC uses Boltzmann equation, where the differential cross-section
(leading order, two body scattering) is given as follow:
dσgg
dt
≈ 9piα
2
s
2(t – μ2)2
, (1)
where, αs is strong coupling constant, t is standard Mandelstam variables for momentum transfer,
and μ is the screening mass of partonic matter. A quark coalescence model is used to form
baryons or mesons once these partons stop interacting. A relativistic transport model (ART)
[22,23] deals with resultant hadron cascade, which includes elastic and inelastic scatterings.
There is another version referred as default AMPT model, where instead of quark coalescence,
string fragmentation method is adopted. However we have not used this in our study.
2.2 The NLO model
The next-to-leading order, NLO-pQCD(MNR) [24] model has been successful in calculating cc¯
pair cross-sections in p+p collisions at most of the available collider energies [25]. The model
has been used to calculate heavy quark pair correlation in azimuthal angle and rapidity for both
p+p and Pb+Pb collisions at LHC energies. In these works, no medium effects were considered
in particle cross-section for Pb+Pb collisions and the effects of various orders in invariant matrix
have been studied [26]. Consequently the model can be used to produce various heavy quark
spectra and can be utilised further to study particle observables by incorporating various hot
and dense nuclear matter effects (as in Pb+Pb and Au+Au collisions) and cold nuclear matter
effects (as in p+Pb and d+Au collisions). In an earlier work, the model has been used to produce
D-meson spectra for p+p collisions at
√
s = 7 TeV and D mesons’ RpPb (min. bias) for p+Pb
collisions at
√
s = 5.02 TeV in order to check the consistencies of the calculations [27]. In
the present work, the calculations have been repeated for p+Pb at √sNN = 5.02 TeV including
shadowing effects as one of the initial cold nuclear effects [28,29] for various centralities. Let us
now move to a brief description of the calculations:
The pT differential spectrum of heavy quarks produced in p+p collisions is defined in general
as [25, 26]
E1E2
dσ
d3p1d
3p2
=
dσ
dy1dy2d
2pT1d
2pT2
, (2)
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where, y1 and y2 are the rapidities of heavy quark and anti-quark and pTi are their transverse
momenta.
In the above
dσ
dy1dy2d
2pT1d
2pT2
= 2xaxb
∑
ij
[
f(a)i (xa, Q
2)f(b)j (xb, Q
2)
dσˆij(sˆ, tˆ, uˆ)
dtˆ
+ f(a)j (xa, Q
2)f(b)i (xb, Q
2)
dσˆij(sˆ, uˆ, tˆ)
dtˆ
]
/(1 + δij) ,
(3)
where, xa and xb are the fractions of the momenta carried by the partons from their inter-
acting parent hadrons.
We have used CTEQ6.6 structure function [30] as obtained using LHAPDF library for p+p
system and added EPS09 [31] shadowing parameterization, to incorporate the initial nuclear
effects on the parton densities for p+Pb system.
The differential cross-section for partonic interactions, dσˆij/dtˆ is given by
dσˆij(sˆ, tˆ, uˆ)
dtˆ
=
|M|2
16pisˆ2
, (4)
where, |M|2 (See Ref. 32) is the invariant amplitude for various partonic sub-processes both for
leading order (LO) and next-to-leading order (NLO) processes as follows:
The physical sub-processes included for the leading order, O (α2s ) production of heavy quarks
are
g + g→ Q+Q and
q + q¯→ Q+Q . (5)
At next-to-leading order, O (α3s ) subprocesses included are as follows
g + g→ Q+Q+ g ,
q + q¯→ Q+Q+ g and
g + q(q¯)→ Q+Q+ q(q¯).
(6)
We now discuss re-scattering processes within the nucleus. A parton may undergo multiple
hard scattering or a nucleon instead undergo multiple soft re-scattering within the cold nucleus
in cases of p+A or A+A collisions. This is commonly referred as Cronin effects [14, 33]. These
re-scatterings may lead to momentum broadening of the interacting partons and change the final
particle spectrum. This would also give rise to deviations of RpPb and QpPb from unity and is
considered as a cold nuclear matter effect. We feel that its contribution apart from shadowing
to the heavy meson spectra, when compared to p+p collisions, can be discerned with the precise
state-of-the-art experiments at LHC-CERN. However, it was earlier suggested that this effect
may vanish at large transverse momentum region or high collider energies [34–36], but may be
visible in the low and mid pT region. The details of our implementations of the calculations can
also be seen in [33,37].
We can now discuss briefly the mechanism of multiple re-scattering or Cronin effect. It can
also be termed as kT broadening effect. Starting with parton density functions, which can be
defined as
f(a)i (xa, Q
2, k2T) = f
(a)
i (xa, Q
2).gp/A(k
2
T) , (7)
where, gp/A(k
2
T) ∝ exp[–k2T/pi .〈k2T〉pp/pA] and 〈k2T〉pA = 〈k2T〉pp + 〈k2T〉A.
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The effective transverse momentum kick, 〈k2T〉pA, following leads from Ref. 34 and 37, is
obtained by adding 〈k2T〉A as a consequence of series of re-scattering, to the intrinsic 〈k2T〉pp.
Our preliminary assumption of taking this summation however doesn’t extrapolate p+A system
exactly to p + p scenario. We have included the impact factor into the current model so as to
distinguish the re-scattering phenomena for collisions at various centralities. We are currently
looking to improve upon this assumption. The 〈k2T〉A can be assumed as
〈k2T〉A = δ2.N(b,
√
s). ln
(
1 +
p2T
δ2/c
)
(8)
where, the parameters δ2, average squared momentum kick per scattering(∼ 1 GeV2/c2). The
number of average re-scattering N is defined as
N(b,
√
s) =
{
TpA(b).σNN – 1, if TpA.σ ≥ n.
n, otherwise.
(9)
The nuclear overlap function TpA could calculated at different centralities using Glauber
model simulation. σNN is taken to be 69 mb at
√sNN = 5.02 TeV. n is the lower limit of re-
scattering parameter and is taken to be 4. However multiple hard scattering > 4 can dissociate
nucleons and is known as re-scattering saturation [33, 34]. After implementing the re-scattering
method, fragmentation effect is applied on the produced charm quarks both from p+A and p+p
collisions into D-mesons, as D-mesons data are readily verifiable from experiments. Schemati-
cally, this can be shown as
E
d3σ
d3p
= EQ
d3σ
d3pQ
⊗D(Q→ HM), (10)
where, the fragmentation of the heavy quark Q into the heavy-meson HM is described by the
function DD(z). We have assumed that distribution of D(z), w.r.t. z, where z = pD/pc, is used
to calculate total D-mesons and is given by
D(c)D (z) =
nD
z[1 – 1/z – εp/(1 – z)]2
, (11)
where, εp is the Peterson parameter ' 0.12 and is taken from Ref. 38. The normalization
condition satisfied by the fragmentation function is∫ 1
0
dzD(z) = 1. (12)
3 Results and discussion
It should be recalled that in the present calculation, the current version of AMPT uses the
coalescence mechanism for hadronization while NLO model incorporates pQCD techniques and
fragmentation mechanism for hadronization. This definitely brings in uncertainties between
two models shown. However heavy quarks being massive particles, these two hadronization
mechanisms can work closely in the mid-pT region where both of them are valid. While at high
pT region fragmentation process is dominant, at low pT (pT < 1 GeV) coalescence mechanisms
contributes majorly [39, 40]. Furthermore we are more interested in highlighting the CNM
effects on particle distribution, any such effects due to hadronization mechanisms are presumably
nullified in the ratios QpPb and Qcp where same mechanism is present in both numerator and
denominator of the ratios. However the scenario might not be the same in case of light quarks or
for all momenta of the particle. Any elaborate study on hadronization mechanisms and its effects
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on freeze-out surfaces particularly in context of heavy mesons production would be referred in
the future publications.
ALICE has recently published results on D-meson (D0, D+, D∗+ and D+s ) in p+p and p+Pb
collisions [41]. In this article we have generated simulated events accordingly. For p+p system,
the study is based on the mid rapidity region, i.e., |ycms| < 0.5, where as for p+Pb system it is
in the rapidity range -0.96 < ycms < 0.04. However, the p+p yield is corrected for the rapidity
shift in p+Pb collisions. Normalized p+p yield was divided by Tpp = 1.39 × 10–5 μb–1 to
obtain cross-section, while that for p+Pb TpPb is 9.8334 × 10–5 μb–1 (calculated in Ref. 42).
Only direct production of D mesons have been considered and no B meson decay into D mesons
is present.
Figure 1 shows pT differential cross-section of D mesons in the rapidity window -0.96 < y
< 0.04 in p+Pb collisions at √sNN = 5.02 TeV for minimum bias collisions. Different panels
show different species of D mesons such as D0, D+, D∗+ and D+s . The solid circles show the
experimental data points measured in ALICE [41]. The lines show different model calculations.
The solid black lines represent NLO calculations and green markers represent the calculations
using AMPT. NLO shows a good agreement with data upto 15 GeV/c of pT while AMPT
underestimates the data for all pT region for all D mesons. In case of NLO calculations, the next
to leading order contributions start to dominate at high pT which leads to increased production
of high momentum heavy quark pairs. A cut-off based on heavy quark mass has been included
but an additional cut-off based on logarithmic resumption of diagrams at NLO level is required
to curtail this over-production. Such resumption is present in FONLL model but it has its
own limitation for not being able to calculate two particle correlation, azimuthal distribution
etc. of heavy quarks which NLO pQCD does. Furthermore as mentioned earlier that while
calculating nuclear modification factor, these effects may be canceled from both numerator and
denominator. On the other hand AMPT has several inbuilt factors whose presence or absence
lead to mismatch between data and the model. One of these effects is decay contribution to
total cross-sections which is neglected in the present calculations and may have considerable
effects on the outcome. Also there is an absence of next-to-leading order contribution to particle
generation in AMPT and an additional presence of momentum and energy loss due to multiple
scattering of partons both in initial and latter stages nuclear medium within the transport model.
Combination of these factors contributes to the decrease in production cross-section of particle
for both p+Pb and Pb+Pb collisions. Hence AMPT underestimates the data by a certain factor
while the shapes of both model and data are similar.
ALICE has measured the nuclear modification factor (QpPb) in various centrality inter-
vals [41]. QpPb can be defined as follows:
QpPb =
(d2N/dpTdy)ipPb
TipPb(b)× (d2σ/dpTdy)pp
(13)
where, (d2N/dpTdy)ipPb is the yield of D mesons in p+Pb collisions in different centrality classes,
(d2σ/dpTdy)pp is the cross-section measured in p+p collisions at same center of mass energy and
TipPb(b) is nuclear overlap function calculated at a particular centrality or impact parameter ‘b’.
‘i’ stands for various centrality classes. Here we have used p+p collisions as baseline at √sNN=
5.02 TeV.
Figure 2 shows QpPb of D mesons for several centrality classes such as 0-10%, 10-20%, 20-
40%, 40-60% and 60-100%. The solid symbols show the ALICE experimental results and the
solid lines and markers represent NLO calculations and AMPT expectations respectively. The
vertical lines in the data points represent statistical uncertainties and the boxes show systematic
uncertainties. Data show a hint of enhancement at 2 < pT < 6 GeV/c for 0-40% centrality.
NLO calculations show similar enhancement and explain the data well upto 10 GeV/c pT. For
peripheral collisions (40-100%) NLO explain the data very well within the uncertainties. NLO
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Figure 1: (Color online) pT differential cross-section of D mesons in p+Pb at
√sNN = 5.02 TeV. Solid
markers represent the ALICE data points [41], while green marker represents AMPT calculations and
black lines are from NLO with kT broadening calculations. The vertical lines in the AMPT calculation
points represent the statistical uncertainties.
has nuclear shadowing feature, and in addition, it has momentum broadening effect (Cronin)
due to re-scattering. Here NLO with momentum broadening are presented. The results from
AMPT with its shadowing and nuclear matter multiple scattering (scattering energy loss) under-
estimate the experimental data. This shows the prominent contribution of initial cold nuclear
matter (CNM) effects and multi-parton scattering effects, for the entire pT range in this model.
Recently ALICE has measured a new observable known as Qcp [41]. This is the ratio of the
D-meson yield in a given centrality class with respect to yield in the most peripheral centrality
class i.e. 60-100% and defined as:
Qcp =
(d2N/dpTdy)ipPb/T
i
pPb(b)
(d2N/dpTdy)60–100%pPb /T
60–100%
pPb (b)
(14)
Qcp is independent of p+p cross-section and the spectra from most peripheral collisions
(60-100%) is used as reference. This reduces uncertainties coming from p+p measurements and
we can get a more clear picture. Figure 3 shows Qcp of average D mesons for four different
centralities. A significant rise of Qcp is observed in central collisions (0-40%) within 3 < pT < 7
GeV/c. For the first time we are trying to understand this experemnatl observation by comparing
with different models. NLO + kT broadening results show closer affinity to ALICE results.
However the shape of the results differ considerably after 6 GeV in momentum. Also the re-
scattering effect has considerable effect at low momenta and even seems to overcome shadowing
effect to some extent. This is corroborated by the fact that although D mesons nuclear factor
shows a dip at low momenta showing shadowing effect, there is also a raise above unity. The
magnitude of the factor calculated from NLO do not match the data entirely and it suggests that
other factors such as energy loss etc. due to CNM might have a role to play. The modification
factor is almost flat at high momenta with small discernible differences between centralities. It is
also seen from the figures that NLO model with CNMs have very small effects at high momenta
region and with the data having large errors at the end regions, it would be difficult to study
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Figure 2: (Color online) QpPb of average D-meson (D0, D+, D∗+ and D+s ) in p+Pb at
√sNN = 5.02 TeV.
Solid markers represent the ALICE data points [41], while green marker represents AMPT calculations
and black lines are from NLO with kT broadening. Different panels represent different centrality classes.
the effects of CNMs in NLO model for high momenta particles. However the results do show
effects of centralities on CNM effects in the intermediate momentum region. On the other hand
the transport model AMPT under-predict the magnitude and shape of the experimental results
for all centralities and for entire pT region.
Figure 4 shows QpPb as a function of pT of average D mesons for most central (0-10%)
collisions. Here we compare our results with other model expectations described in the Ref. 41.
All these models describe the data well upto 3-4 GeV/c of pT and can not reproduce the trend
of the data at higher pT. Whereas, NLO with momentum broadening reproduce the data upto
around 10 GeV/c of pT and shows similar trend as data at high pT (although the error bars in
data are too large at high pT to make any conclusion). The Duke [43] and POWLANG [44] both
are transport models and assume that a QGP is formed in p+Pb collisions. Whereas NLO with
momentum broadening is a theoretical models that include only CNM effects.This suggests that
data is better described by the model which include initial state effect rather than final state
effect in p+Pb collisions.
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Figure 3: (Color online) Qcp of avg. D-meson (D0, D+, D∗+ and D+s ) in p+Pb at
√sNN = 5.02 TeV.
Solid markers represent the ALICE data points [41], while green marker represents AMPT calculations
and black lines are from NLO with kT broadening. Different panels represent different centrality classes.
4 Summary
We have carried out D-meson study in simulation models like NLO and AMPT and compared
our results with published ALICE data for p+Pb collisions at √sNN = 5.02 TeV.
We observe that NLO with momentum broadening describes the data much better than
that of transport model AMPT. Irrespective of shadowing effect included in both the models,
AMPT shows lower value of QpPb and Qcp than experimental data. While NLO models showed
CNM effects at low and intermediate pTs and much closer to experimental observations, the
CNM effects and its centrality dependencies are under-whelmingly indiscernible at high pT
regions. So we may conclude that magnitude of QpPb and Qcp in AMPT due to its additional
partonic and hadronic transport parts have considerable effects on particle production. And
for resonance particle D∗+, additional mechanism is needed in AMPT to explain its production
cross-section. More details in this direction will be reported in our future study. Experimental
results are better described by initial state model NLO with momentum broadening rather than
the transport model AMPT, POWLANG and Duke suggesting domination of initial CNM effect
than that of final state effect.
As concluding remarks, since QpPb and Qcp in our calculations deviates from unity at low
and mid-pT for all centralities, the initial cold nuclear matter effects incorporated in the models
and their centrality dependencies play very important roles in describing the nuclear matter
effects on heavy quark production in both heavy ions and hadron-ion collisions.
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Figure 4: (Color online) QpPb of D-meson in p+Pb at
√sNN = 5.02 TeV for 0-10% centrality.
Solid markers represent the ALICE data points [41], theoretical curves show the calculations from
POWLANG(HTL) (0-20%), POWLANG(lQCD) (0-20%) and Duke (0-10%), which are also from [41].
Green markers represent AMPT calculation and black line is from NLO with kT broadening calculation.
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